Abstract: Biosorption has been widely recognized as a promising method to treat wastewater. However, few studies have investigated the impact of pollutants' properties on wastewater treatment, as well as the underlying mechanisms and future predictions. In this study, the effects of pollutants' hydrophobicity on the biosorptive removal of polycyclic aromatic hydrocarbons (PAHs) were evaluated. The results showed that the inactive biomass of Klebsiella oxytoca effectively removes PAHs from aqueous solutions with a high biosorption capacity, high biosorption affinity, and short equilibrium time. The biosorption of seven PAHs achieved equilibrium rapidly (less than 2 h) and fitted well to the pseudo-second-order kinetic model. Sorption occurred with a predominantly linear partition process to the biomaterial with K d values of 363.11, 1719.5, 2515.5, 7343.3, 6353.4, 22,806, and 19,541 L·kg −1 for naphthalene, acenaphthene, fluorene, phenanthrene, anthracene, pyrene, and fluoranthene, respectively. An increase in temperature led to a decrease in the biosorption affinity, and the bacterial biosorption of PAHs was spontaneous and exothermic. Furthermore, a positive correlation was observed between the sorption affinity and the octanol partition coefficient (K ow ) (logK d = 1.011logK ow − 0.7369), indicating that hydrophobicity is the main factor influencing the biosorption efficiency. These results suggest that biosorption is an efficient and predictable treatment for micropollutant-bearing wastewater.
Introduction
Hydrophobic organic compounds (HOCs) have become an increasing concern with respect to their potential mutagenicity, carcinogenicity, and teratogenicity associated with their persistence and bioaccumulation potential [1] [2] [3] . The adverse impacts on ecosystems and human health caused by specific HOCs, such as polycyclic aromatic hydrocarbon (PAHs) and organic pesticides, have been considered critical problems. In fact, PAHs, such as phenanthrene and pyrene, are recognized as priority micropollutants by the US Environment Protection Agency [4] . To eliminate the impact of such micropollutants, several treatments, namely, combustion, photolysis, sorption, and adding oxidants, are available [3] . Compared with physical and chemical methods, bioremediation is widely considered to be the most promising and cost-effective approach for the removal of HOCs from contaminated environments and is also relatively efficient [5] .
The bioremediation of HOCs is a complex interfacial process, which refers to cell surface sorption, transmembrane processes, and intercellular degradation [5] . Therefore, in the bioremediation process microorganisms play roles as biosorbents that uptake pollutants and bioreactors that degrade them [6] . As one process in bioremediation, biosorption is considered the crucial step and plays a vital role in both the removal and biodegradation of HOCs [1, [6] [7] [8] [9] . Our previous results indicated that the biosorption of HOCs even governs their biodegradation process due to low bioavailability of HOCs [10] . Microorganisms with higher sorption affinity for organic pollutants may have the advantage of obtaining more "food", resulting in higher biodegradation efficiency, especially for those micropollutants with relatively low water solubility, and thus, bioavailability.
Biosorption is also a branch of biotechnology that effectively reduces chemical concentrations in the aqueous environment using dead or inactive biomass from various origins [11, 12] . The application of biosorbents derived from biological materials, such as fungi [2, [13] [14] [15] , bacteria [6, 16] , and algae [7, [17] [18] [19] , have been extensively examined. Biosorption systems exhibit not only high efficiency but also economic benefits. It was reported that biosorption could reduce the total cost by approximately 28% compared with conventional systems [19, 20] . In previous studies, these biomaterials have shown remarkable performance in the biosorption and removal of heavy metals [21] [22] [23] [24] [25] , dyes [26] [27] [28] , and pesticides [29, 30] due to their high carbon contents, aliphatic and aromatic components, and numerous chemical groups. Many studies have revealed that microbial biomass can passively bind to metal ions, dyes, and some organic antibiotic compounds via various physicochemical mechanisms [19, 26, 28, 31] . These mechanisms include the following: (1) electrostatic attraction [32] ; (2) hydrophobic interactions [2, 33] ; and (3) molecular specific forces, such as n-π interactions [34] . Several studies have indicated that the polarity and aliphatic structures of biosorbents, such as algae and fungi, play important roles in the biosorption of organic pollutants [7, 35] . However, the biosorption of HOCs by bacterial biomass and underlying mechanisms has not received much attention. Furthermore, previous studies have mainly focused on the effects of structure, fraction, and modification of biosorbents on the biosorption of HOCs [13] . Limited information about the structural impacts of pollutants and the interaction between pollutant molecules and bacterial biomass is available.
Therefore, the main objectives of this study were to develop a better understanding of the role of biosorption by HOCs in bacterial degradation and treatment of PAH-bearing wastewater, as well as potential future prediction, by the following methods: (1) evaluation of the biosorption, biodegradation, and removal of phenanthrene using Klebsiella oxytoca; (2) evaluation of the isotherms, kinetics, and thermodynamics of biosorption of the seven PAHs using inactive biomass of K. oxytoca; and (3) examination of the effects of the properties of the PAHs on biosorption.
Materials and Methods

Chemicals
Naphthalene, acenaphthene, fluorene, phenanthrene, anthracene, pyrene, and fluoranthene were selected as representative PAHs to model HOCs and were purchased from Acros Organics (Pittsburgh, PA, USA) with purities >98%. The properties of the seven PAHs are listed in Table 1 . All other chemical reagents were of analytical reagent grade.
Strain, Medium, and Biosorbent
The test bacterial strain Klebsiella oxytoca PYR-1 (CCTCC AB 2010358) was isolated from activated sludge of the coking plant wastewater treatment facility and characterized in our previous work [9] . The mineral salt medium (MSM) was composed of (in mg·L −1 distilled water) 500 mg·L −1 NaH 2 PO 4 , Bacterial pellets of K. oxytoca PYR-1 were washed three times with deionized water after they had been harvested in the late exponential phase. Inactive biomass, used as a biosorbent, was further prepared by cryodesiccation following mechanical grinding. The specific surface area of the biosorbent was determined by a gas sorption analyzer (NOVA-1200, Quantachrome Corp., Boynton Beach, FL, USA). The biosorbent was further characterized using Fourier transform infrared spectroscopy (FTIR, Shimadzu 8400S, Kyoto, Japan).
Biodegradation and Sorption of Phenanthrene by a Live Bacterial Strain
The sorption and biodegradation of phenanthrene by K. oxytoca PYR-1 were conducted in 500 mL autoclaved Erlenmeyer flasks with 350 mL of autoclaved MSM, as described in our previous work [10] , and spiked with phenanthrene at 1.0 mg·L −1 . The bacterial strain was inoculated at 5 × 10 6 CFU·mL −1 and incubated at 28 • C in a constant temperature shaker at 150 rpm. Samples were taken every three days. The concentrations of phenanthrene and growth of K. oxytoca PYR-1 were measured. The deposits of biomass were ultrasonically extracted with 5.0 mL methanol for 1 h to evaluate the sorption part of phenanthrene, whereas the "real" degraded part was obtained using the mass balance method, as described in our previous work [9] . The apparent removal, sorption, and biodegradation were calculated according to Equations (1)-(3):
where ARR, SR, and DR (%) are the apparent removal ratio, sorption ratio, and biodegradation ratio, respectively. C 0 , C t , and C s (mg·L −1 ) are the initial phenanthrene concentration, the phenanthrene concentration of each interval sample and the pellet extraction, respectively. C ABL (mg·L −1 ) is the concentration of solute abiotic loss measured in the abiotic control. V ex and V spl (mL) are the volumes of extracted methanol and the sample volume, respectively. V 0 (mL) is the initial volume of the solution.
Biosorption of PAHs by Inactive Bacterial Biomass
Batch sorption experiments were performed in a temperature-controlled shaker at 150 rpm, and tubes were prepared in duplicate. In the kinetic, isotherm, and thermodynamic sorption experiments, two milligrams of inactive biomass were weighed into 22-mL centrifuge tubes with 20 mL of MSM containing a series of concentrations of seven PAHs (up to their individual water solubility, Table 1 ). Control treatments without biosorbents were prepared to account for possible solute loss by handling and other possible ways. Single-factor biosorption experiments were also conducted, and other factors were adjusted to suitable conditions as follows: a biosorbent dosage of 0.05-0.4 g·L −1 ; a biosorption time of 0-720 min; and a sorption temperature of 10-35 • C. The sorption equilibrium time was set up according to the biosorption kinetics experiments. At equilibrium, after being centrifuged for 20 min at 4000 g, the supernatants were filtrated by a 0.22-µm filter membrane (ANPEL Co., Ltd., Shanghai, China).
The biosorption removal of PAHs by the biosorbent was determined using Equation (4):
where C i and C t (mg·L −1 ) represent the initial and final (at any time t) concentrations of individual PAHs. The sorption capacity of the biosorbent for PAHs at time t, Q t (mg·kg −1 ), was obtained by Equation (5):
where V (mL) is the volume of the solution, which equaled 20 mL in the present study; and m (mg) represents the mass of the biosorbent.
To determine the sorption kinetics, the obtained dynamic experimental data were fitted with the pseudo-second-order model, which can be written as follows:
where k 2 is the pseudo-second-order rate constant (g·mg −1 ·min −1 ); Q t and Q m (mg·g −1 ) are the sorption capacities at time t and equilibrium, respectively. As time approaches zero, according to the pseudo-second-order model, the initial sorption rate (h; mg·g −1 ·min −1 ) is calculated as follows:
The Freundlich model and a linear model were used to describe the isothermal sorption of PAHs by the biosorbent. The logarithmic form of the Freundlich model (original form: Q e = K F ·C e 1/n ) was used to calculate the Freundlich parameters, and it is expressed in Equation (8):
where Q e is the amount sorbed per unit weight of sorbent in mg·kg −1 ; C e is the equilibrium concentration in mg·L −1 ; and K F [(mg·kg −1 )·(mg·L −1 ) −1 , equal to L·kg −1 ] and n (dimensionless) are the Freundlich isotherm constants that describe the sorption capacity and the isotherm curvature, respectively. The linear isotherm model was also used to estimate the biosorption of PAHs onto the biosorbent. The linear model can be described with the following equation:
where K d is the distribution coefficient of sorbate between water and the sorbent in L·kg −1 .
The obtained values of K d under different temperatures were further fitted to the van't Hoff Equation (10) : where ∆H and ∆S (kJ·mol −1 ) are the enthalpy change and entropy change, respectively; R is the universal gas constant (8.314 J −1 ·mol −1 ); and T is the absolute temperature (K). When the temperature varied within a narrow range, ∆H and ∆S were regarded as constants and ∆G • (Gibbs free energy change, kJ·mol −1 ) was calculated with Equation (11) [36] :
Analytical Methods
The concentrations of PAHs in the aqueous phase were determined using HPLC (Agilent 1200) equipped with a 4.6 × 250 mm Eclipse PAH column and a fluorescence detector using an acetonitrile and water mixture (95:5, V:V) as the mobile phase at a flow rate of 1.0 mL·min −1 . The limits of detection and relative standard deviation (RSD) for the seven PAHs were measured and are listed in Table 1 .
The biomass of Klebsiella oxytoca PYR-1 was measured by a UV-spectrophotometer at 600 nm (UV-2401, Shimadzu Corporation, Kyoto, Japan). Figure 1 shows the FTIR spectrum of the biosorbent used in the present study. Several characteristic peaks were identified in the bacterial biomass, and no obvious differences were found in the peak shift upon biosorption of PAHs, e.g., phenanthrene (PHEN). The =C-H stretching of unsaturated hydrocarbons was observed at 980 cm −1 . The peak shifts at 1290 cm −1 and 1540 cm −1 are mainly attributed to the C-O stretching of phenolic compounds and the amide II bond, respectively. The peak near 1650 cm −1 denotes the aromatic C=C and C=O asymmetric stretching vibrations [7, 35] . A characteristic peak at 1730 cm −1 was formed due to the vibration of C=O at the -COOH stretching frequency [37] . The result confirmed that the bacterial surface was abundant in carboxyl, amino groups, saturated and unsaturated aliphatic carbons, and aromatic structures. No obvious differences in biomass composition before and after biosorption were found.
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The biomass of Klebsiella oxytoca PYR-1 was measured by a UV-spectrophotometer at 600 nm (UV-2401, Shimadzu Corporation, Kyoto, Japan). Figure 1 shows the FTIR spectrum of the biosorbent used in the present study. Several characteristic peaks were identified in the bacterial biomass, and no obvious differences were found in the peak shift upon biosorption of PAHs, e.g., phenanthrene (PHEN). The =C-H stretching of unsaturated hydrocarbons was observed at 980 cm −1 . The peak shifts at 1290 cm −1 and 1540 cm −1 are mainly attributed to the C-O stretching of phenolic compounds and the amide II bond, respectively. The peak near 1650 cm −1 denotes the aromatic C=C and C=O asymmetric stretching vibrations [7, 35] . A characteristic peak at 1730 cm −1 was formed due to the vibration of C=O at the -COOH stretching frequency [37] . The result confirmed that the bacterial surface was abundant in carboxyl, amino groups, saturated and unsaturated aliphatic carbons, and aromatic structures. No obvious differences in biomass composition before and after biosorption were found. The specific surface area determined by the Brunauer-Emmett-Teller method was 2.34 m 2 ·g −1 , which was quite small but comparable with that used in other studies [38] .
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Biosorption and Biodegradation of PHEN by Klebsiella oxytoca PYR-1
The biosorption, biodegradation, and apparent removal of PHEN along with the growth of K. oxytoca PYR-1 were measured and distinguished, as shown in Figure 2 . The results indicated that the K. oxytoca strain could use PHEN as a carbon source and effectively remove up to 68% of PHEN from The specific surface area determined by the Brunauer-Emmett-Teller method was 2.34 m 2 ·g −1 , which was quite small but comparable with that used in other studies [38] .
The biosorption, biodegradation, and apparent removal of PHEN along with the growth of K. oxytoca PYR-1 were measured and distinguished, as shown in Figure 2 . The results indicated that the K. oxytoca strain could use PHEN as a carbon source and effectively remove up to 68% of PHEN from aqueous solution during the entire incubation period. However, the "real" degradation exhibited a time-delayed phenomenon. Sorption was a relatively fast process due to cell surface adsorption and/or intracellular accumulation [9] . The apparent removal of PHEN was mainly attributed to biosorption, especially in the early phase. For example, biosorption accounted for up to 85.7% of the removed PHEN at day 3, and then, the sorbed PHEN was gradually degraded, resulting in 27.0% biodegradation.
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Biosorbent dosage is an important factor that plays a role in determining the biosorption capacity and efficiency. In Figure 3 , with an increasing dosage (0.05 to 0.4 g·L −1 ), the biosorption efficiencies for all seven PAHs increased. For example, when the dosage changed from 0.05 g·L −1 to 0.4 g·L −1 , the removal efficiencies of acenaphthene (ACE), PHEN, and fluoranthene (FLUOR) escalated from 14.4% to 41.3%, 27.3% to 72.6%, and 54.6% to 85.8%, respectively. Similar trends have been reported for metal ions and dyes on several biosorbents [37, 38] .
The biosorption efficiencies were also related to the properties of pollutants, such as hydrophobicity and aromatic rings. With an increase of hydrophobicity (from 3.30 to 5.16 of logKow), the removal ratio increased. Taking the dosage of 0.2 g·L −1 as an example, the removal efficiencies for the seven PAHs were 13.2%, 31.1%, 34.6%, 59.7%, 64.6%, 68.5%, and 81.9% for naphthalene, acenaphthene, fluorene, phenanthrene, anthracene, pyrene, and fluoranthene, respectively. The intracellular, enzyme-assisted degradation of HOCs by bacteria could be recognized as several consecutive interfacial processes, including cell surface biosorption, translocation into the intracellular cytoplasm across the cell membrane, and metabolism and/or accumulation within bacterial cells [5, 39] . The bacterial cell surface contains many hydrophobic groups, such as biolipid alkane chains and polysaccharides [34] , providing biosorption sites for HOCs. The bacterial cells used in the present work had a relatively high hydrophobicity (21.6%, measured using the bacterial adherence to hydrocarbons method [9] ). This high hydrophobicity indicated that the bacterial surfaces had abundant hydrophobic groups, which was confirmed by FTIR measurements (Figure 1) . The fast biosorption of PHEN from aqueous solution supplied sufficient substrate for bacterial intracellular enzymes and governed the subsequent biodegradation process [10] . Therefore, the biosorption of HOCs allowed better insight into the interfacial behaviors and mechanisms of bacterial removal of HOCs, as well as a promising treatment of HOCs in the aqueous phase.
Biosorption of PAHs
Effects of Dosage
Biosorbent dosage is an important factor that plays a role in determining the biosorption capacity and efficiency. In Figure 3 , with an increasing dosage (0.05 to 0.4 g·L −1 ), the biosorption efficiencies for all seven PAHs increased. For example, when the dosage changed from 0.05 g·L −1 to 0.4 g·L −1 , the removal efficiencies of acenaphthene (ACE), PHEN, and fluoranthene (FLUOR) escalated from 14.4% to 41.3%, 27.3% to 72.6%, and 54.6% to 85.8%, respectively. Similar trends have been reported for metal ions and dyes on several biosorbents [37, 38] . 
Biosorption Kinetics
Measurement of the sorption kinetics of the seven PAHs on Klebsiella oxytoca PYR-1 biomass was carried out and is presented in Figure 4A . Biphasic biosorption was exhibited for all seven PAHs-a steep initial ascending trend of sorption capacity (Qt), followed by steady, but slower, accumulation. This phenomenon has been extensively discussed [36] . As shown in Figure 4A , the biosorption equilibrations of all seven PAHs to K. oxytoca biomass were achieved in less than 2 h. These equilibrium times are much shorter than those in previously reported studies, e.g., Microcystis aeruginosa biomass for PHEN biosorption (more than 24 h) [36] , natural and chemically modified biomass of Phanerochaete chrysosporium for PHEN biosorption (6 h) [13] , and Typha orientalis based activated carbon for chloramphenicol biosorption (6 h) [31] . This rapid biosorption is beneficial for further biodegradation as well as for economical and effective engineering applications. Moreover, different sorption capacities were observed on the bacterial biomass for different organic compounds, as follows: naphthalene (NAPH) (6319.5 mg·kg −1 ), ACE (832.2 mg·kg −1 ), fluorene (FLU) (964.9 mg·kg −1 ), PHEN (1407.9 mg·kg −1 ), anthracene (ANTH) (173.9 mg·kg −1 ), PYR (584.2 mg·kg −1 ), and FLUOR (814.4 mg·kg −1 ). The order of Qt did not relate to the logKow of pollutants, mainly because of the dramatic difference in water solubility ( Table 1 ). The biomass in this study showed a higher or comparable sorption capacity to those of reported biosorbents, such as fungal biomass for PHEN (1768.8 mg·kg −1 ) [13] , pinewood for NAPH (2820.6 mg·kg −1 ) [40] , and cork waste for FLU (49 mg·kg −1 ) and ACE (26 mg·kg −1 ) [41] . To determine the sorption affinity and suppress the interference of water solubility, a normalized parameter, Kt (Kt = Qt/Ct), was used in the kinetic curves ( Figure 4B ). It is reasonable that the sorption affinity of the bacterial biomass showed a good relationship with the hydrophobicity of The biosorption efficiencies were also related to the properties of pollutants, such as hydrophobicity and aromatic rings. With an increase of hydrophobicity (from 3.30 to 5.16 of logK ow ), the removal ratio increased. Taking the dosage of 0.2 g·L −1 as an example, the removal efficiencies for the seven PAHs were 13.2%, 31.1%, 34.6%, 59.7%, 64.6%, 68.5%, and 81.9% for naphthalene, acenaphthene, fluorene, phenanthrene, anthracene, pyrene, and fluoranthene, respectively.
Measurement of the sorption kinetics of the seven PAHs on Klebsiella oxytoca PYR-1 biomass was carried out and is presented in Figure 4A . Biphasic biosorption was exhibited for all seven PAHs-a steep initial ascending trend of sorption capacity (Q t ), followed by steady, but slower, accumulation. This phenomenon has been extensively discussed [36] . As shown in Figure 4A , the biosorption equilibrations of all seven PAHs to K. oxytoca biomass were achieved in less than 2 h. These equilibrium times are much shorter than those in previously reported studies, e.g., Microcystis aeruginosa biomass for PHEN biosorption (more than 24 h) [36] , natural and chemically modified biomass of Phanerochaete chrysosporium for PHEN biosorption (6 h) [13] , and Typha orientalis based activated carbon for chloramphenicol biosorption (6 h) [31] . This rapid biosorption is beneficial for further biodegradation as well as for economical and effective engineering applications. Moreover, different sorption capacities were observed on the bacterial biomass for different organic compounds, as follows: naphthalene (NAPH) (6319.5 mg·kg −1 ), ACE (832.2 mg·kg −1 ), fluorene (FLU) (964.9 mg·kg −1 ), PHEN (1407.9 mg·kg −1 ), anthracene (ANTH) (173.9 mg·kg −1 ), PYR (584.2 mg·kg −1 ), and FLUOR (814.4 mg·kg −1 ). The order of Q t did not relate to the logK ow of pollutants, mainly because of the dramatic difference in water solubility ( Table 1 ). The biomass in this study showed a higher or comparable sorption capacity to those of reported biosorbents, such as fungal biomass for PHEN (1768.8 mg·kg −1 ) [13] , pinewood for NAPH (2820.6 mg·kg −1 ) [40] , and cork waste for FLU (49 mg·kg −1 ) and ACE (26 mg·kg −1 ) [41] .
To determine the sorption affinity and suppress the interference of water solubility, a normalized parameter, K t (K t = Q t /C t ), was used in the kinetic curves ( Figure 4B ). It is reasonable that the sorption affinity of the bacterial biomass showed a good relationship with the hydrophobicity of PAHs, with the following ranking: PYR (ca. 26,000 L·kg mg·kg −1 ), PHEN (1407.9 mg·kg −1 ), anthracene (ANTH) (173.9 mg·kg −1 ), PYR (584.2 mg·kg −1 ), and FLUOR (814.4 mg·kg −1 ). The order of Qt did not relate to the logKow of pollutants, mainly because of the dramatic difference in water solubility ( Table 1 ). The biomass in this study showed a higher or comparable sorption capacity to those of reported biosorbents, such as fungal biomass for PHEN (1768.8 mg·kg −1 ) [13] , pinewood for NAPH (2820.6 mg·kg −1 ) [40] , and cork waste for FLU (49 mg·kg −1 ) and ACE (26 mg·kg −1 ) [41] . To determine the sorption affinity and suppress the interference of water solubility, a normalized parameter, Kt (Kt = Qt/Ct), was used in the kinetic curves ( Figure 4B ). It is reasonable that the sorption affinity of the bacterial biomass showed a good relationship with the hydrophobicity of The biosorption kinetics of all seven PAHs to the biomass of K. oxytoca PYR-1 fit well to the pseudo-second-order kinetic model ( Figure 4C ), and the corresponding parameters (k 2 , Q m , h) and regression coefficients (R 2 ) are given in Table 2 . The calculated values of Q m based on the pseudo-second-order kinetic model agreed fairly well with the experimental data. The sorption rates (k 2 ) did not show a strong correlation with the pollutants' hydrophobicity (R 2 = 0.45). However, there was a notable trend for the more hydrophobic PAHs to have a relatively large sorption rate. For example, the k 2 values for PHEN (logK ow 4.46, k 2 0.59152 g·mg −1 ·min −1 ) and ACE (logK ow 4.45, k 2 0.61155 g·mg −1 ·min −1 ) were much larger than the ones for NAPH (logK ow 3.30, k 2 0.01363 g·mg −1 ·min −1 ) and FLU (logK ow 4.18, k 2 0.10715 g·mg −1 ·min −1 ). The calculated initial sorption rates (h) were also related to initial concentration and hydrophobicity of PAHs. The higher the initial concentration was, the higher hydrophobicity of PAH was, the larger the h that was obtained. For example, PHEN and FLU had comparable water solubility (1.18 and 1.69 mg·L −1 ), the h value of PHEN was much larger than that of FLU, following the order of hydrophobicity (4.46 of logK ow for PHEN, 4.18 for FLU). 
Isotherm Biosorption
The biosorption isotherms of the seven PAHs to the biomass of K. oxytoca PYR-1 are presented in Figure 5 . The isotherms fit well with both the Freundlich model and the linear model, and the parameters are listed in Table 3 . An evaluation of the Langmuir model is not reported in this study, due to its poor fit results and the heterogeneous surface of bacterial biomass [34] . The Freundlich exponent n values were approximately 1, and the biosorption isotherms were practically linear. In addition, based on fitness (R 2 ), the linear model was better for describing the biosorption of PAHs than the Freundlich model. The partition coefficient (K d ) was calculated and is listed in Table 3 .
The partition coefficient is a good parameter to evaluate the partitioning of hydrophobic organic pollutants between solid and solution phases. These values of inactive biomass were comparable to the values of live cells; for example, the logKd value was 4.357 for PYR for the live cell of the same K. oxytoca strain (data not shown). The results indicate that biosorption might be a useful and convenient practical method for evaluating the sorption process during the biodegradation of HOCs. In addition, by evaluating and comparing the affinity of organic pollutants to biosorbents and/or other solid phases based on the Kd values, the potential transport and fate of these organic contaminants in the environment can be evaluated and predicted. The logKd values obtained in the present study were much higher than those in the soil-water systems (1.48-2.30) for PHEN [42, 43] ; higher than those of plant live tissues, such as wood chips (3.40), plant roots (3.32-3.70), plant leaves (3.52-3.54) for PHEN [35] and plant leaves (4.19-4.33) and tissues (4.19-4.33) for PYR [35, 44] ; higher than those of soil organic matter, such as cellulose and wood fiber for PHEN [35] ; and higher than those of algae and planktons (3.36-3.89) for PHEN [35] . In addition, our previous work showed that even in surfactant-containing systems, the biosorption affinity of biomass with PAHs remains high, which facilitates surfactant-enhanced bioremediation [9, 10] . For example, in the presence of critical micelle concentrations of Tween 80, Tween 40, Tween 20 and rhamnolipids, the logKd values for PYR were 4.53, 4.45, 4.47, and 4.35, respectively. Therefore, bacterial biosorption may play an important role in affecting the fate and bioremoval of PAHs in the environment.
A linear correlation was observed between logKd and logKow for the tested seven PAHs to the biomass of the K. oxytoca strain, as shown in Figure 6 : logKd = 1.011 logKow − 0.7369 (n = 7, R 2 = 0.959).
According to Equation (12) for logKd-logKow, the biosorption of HOCs to bacterial biomass can be predicted. Available sorption data (Kd) of organic compounds to microorganism-derived biosorbents from the literature was compared with predicted Kd values ( Table 4 ). The results revealed that the Kd values predicted by Equation (12) were much closer to the determined values. The results also indicated that this prediction could be used for various hydrophobic organic compounds and microorganism-derived biosorbents. In addition, by evaluating and comparing the affinity of organic pollutants to biosorbents and/or other solid phases based on the K d values, the potential transport and fate of these organic contaminants in the environment can be evaluated and predicted. The logK d values obtained in the present study were much higher than those in the soil-water systems (1.48-2.30) for PHEN [42, 43] ; higher than those of plant live tissues, such as wood chips (3.40), plant roots (3.32-3.70), plant leaves (3.52-3.54) for PHEN [35] and plant leaves (4.19-4.33) and tissues (4.19-4.33) for PYR [35, 44] ; higher than those of soil organic matter, such as cellulose and wood fiber for PHEN [35] ; and higher than those of algae and planktons (3.36-3.89) for PHEN [35] . In addition, our previous work showed that even in surfactant-containing systems, the biosorption affinity of biomass with PAHs remains high, which facilitates surfactant-enhanced bioremediation [9, 10] . Figure 6 . Relationship between the partitioning coefficient (logKd) and the octanol-water partition coefficient (logKow) of different PAHs.
Thermodynamic Biosorption
The results showed that all biosorption isotherms of PHEN to K. oxytoca biomass were linear at all of the test temperatures (10-35 °C) (data not shown). As shown in Figure 7A , the Kd of PHEN significantly decreased with an increase in temperature, in accordance with other studies [13, 47, 48] . A positive correlation between lnKd and 1/T was observed ( Figure 7B ). The thermodynamic parameters (ΔH, ΔS, as well as ΔG°) were calculated according to Equations (10) and (11) . The Gibbs free energy values (ΔG°) were −7.39, −6.02, −5.52, −4.94, −4.84, and −4.88 kJ·mol −1 (ΔG° < 0) when the temperature increased from 283 to 308 K. The negative values of ΔG° indicated that the biosorption of PHEN onto inactive biomass of K. oxytoca is a spontaneous process [47] . The standard enthalpy change (ΔH) and standard entropy change (ΔS) were −37.48 and −0.1078 kJ·mol −1 , respectively, indicating that the biosorption of PHEN was exothermic [13, 48] . According to Equation (12) for logK d -logK ow , the biosorption of HOCs to bacterial biomass can be predicted. Available sorption data (K d ) of organic compounds to microorganism-derived biosorbents from the literature was compared with predicted K d values ( Table 4 ). The results revealed that the K d values predicted by Equation (12) were much closer to the determined values. The results also indicated that this prediction could be used for various hydrophobic organic compounds and microorganism-derived biosorbents. 
The results showed that all biosorption isotherms of PHEN to K. oxytoca biomass were linear at all of the test temperatures (10-35 • C) (data not shown). As shown in Figure 7A , the K d of PHEN significantly decreased with an increase in temperature, in accordance with other studies [13, 47, 48] . A positive correlation between lnK d and 1/T was observed ( Figure 7B ). The thermodynamic parameters (∆H, ∆S, as well as ∆G • ) were calculated according to Equations (10) and (11) . The Gibbs free energy values (∆G • ) were −7.39, −6.02, −5.52, −4.94, −4.84, and −4.88 kJ·mol −1 (∆G • < 0) when the temperature increased from 283 to 308 K. The negative values of ∆G • indicated that the biosorption of PHEN onto inactive biomass of K. oxytoca is a spontaneous process [47] . The standard enthalpy change (∆H) and standard entropy change (∆S) were −37.48 and −0.1078 kJ·mol −1 , respectively, indicating that the biosorption of PHEN was exothermic [13, 48] . 
Conclusions
The biomass of Klebsiella oxytoca PYR-1 has great potential to remove PAHs via biosorption and biodegradation, with a higher biosorption capacity, shorter equilibrium time, and higher biosorption affinity than other biosorbents. Biosorption played a major role in the bioremoval of PAHs. The biosorption of seven PAHs achieved equilibrium rapidly (in less than 2 h) and fitted well to the pseudo-second-order kinetic model. The biomass exhibited great biosorption capacities for all tested PAHs. For example, relatively large sorption capacities for NAPH (6319.5 mg·kg −1 ) and FLU (964.9 mg·kg −1 ) were obtained. Sorption occurred with a predominantly linear partition process to the biomaterial for all seven PAHs. A positive correlation was observed between logKd and logKow (logKd = 1.011logKow − 0.7369), which could be useful for predicting the biosorption of HOCs to biomasses from different origins. An increase in temperature led to a decrease in biosorption affinity, and the biosorption of PHEN on bacterial biomass was spontaneous and exothermic.
The use of microbial biosorption is a promising alternative to supplement present treatment processes for the removal of high-toxic HOCs from wastewater, facilitating the bioreactor process afterwards. However, the use of biomass to removal organic pollutants is still in the research stage. The prediction for HOC removal by biomass plays an essential role in transferring technology from the laboratory to full-scale application. In this study, we successfully used the relationship logKd~logKow to predict the removal of several HOCs. However, to develop a practical prediction, more studies providing sorption parameters, such as sorption affinity (Kd), are needed. Moreover, further investigation for the industrial application of biosorbents (e.g., immobilized biomass beads) is needed. 
The biomass of Klebsiella oxytoca PYR-1 has great potential to remove PAHs via biosorption and biodegradation, with a higher biosorption capacity, shorter equilibrium time, and higher biosorption affinity than other biosorbents. Biosorption played a major role in the bioremoval of PAHs. The biosorption of seven PAHs achieved equilibrium rapidly (in less than 2 h) and fitted well to the pseudo-second-order kinetic model. The biomass exhibited great biosorption capacities for all tested PAHs. For example, relatively large sorption capacities for NAPH (6319.5 mg·kg −1 ) and FLU (964.9 mg·kg −1 ) were obtained. Sorption occurred with a predominantly linear partition process to the biomaterial for all seven PAHs. A positive correlation was observed between logK d and logK ow (logK d = 1.011logK ow − 0.7369), which could be useful for predicting the biosorption of HOCs to biomasses from different origins. An increase in temperature led to a decrease in biosorption affinity, and the biosorption of PHEN on bacterial biomass was spontaneous and exothermic.
The use of microbial biosorption is a promising alternative to supplement present treatment processes for the removal of high-toxic HOCs from wastewater, facilitating the bioreactor process afterwards. However, the use of biomass to removal organic pollutants is still in the research stage. The prediction for HOC removal by biomass plays an essential role in transferring technology from the laboratory to full-scale application. In this study, we successfully used the relationship logK d~l ogK ow to predict the removal of several HOCs. However, to develop a practical prediction, more studies providing sorption parameters, such as sorption affinity (K d ), are needed. Moreover, further investigation for the industrial application of biosorbents (e.g., immobilized biomass beads) is needed. 
